RNA is commonly believed to undergo a number of sequential folding steps before reaching its functional fold, i.e., the global minimum in the free energy landscape. However, there is accumulating evidence that several functional conformations are often in coexistence, corresponding to multiple (local) minima in the folding landscape. Here we use the 5′-exon-intron recognition duplex of a self-splicing ribozyme as a model system to study the influence of Mg 2+ 
RNA is commonly believed to undergo a number of sequential folding steps before reaching its functional fold, i.e., the global minimum in the free energy landscape. However, there is accumulating evidence that several functional conformations are often in coexistence, corresponding to multiple (local) minima in the folding landscape. Here we use the 5′-exon-intron recognition duplex of a self-splicing ribozyme as a model system to study the influence of Mg 2+ and Ca 2+ on RNA tertiary structure formation. Bulk and single-molecule spectroscopy reveal that near-physiological M 2+ concentrations strongly promote interstrand association. Moreover, the presence of M 2+ leads to pronounced kinetic heterogeneity, suggesting the coexistence of multiple docked and undocked RNA conformations. Heterogeneity is found to decrease at saturating M 2+ concentrations. Using NMR, we locate specific Mg 2+ binding pockets and quantify their affinity toward Mg 2+ . Mg 2+ pulse experiments show that M 2+ exchange occurs on the timescale of seconds. This unprecedented combination of NMR and single-molecule Förster resonance energy transfer demonstrates for the first time to our knowledge that a rugged free energy landscape coincides with incomplete occupation of specific M 2+ binding sites at near-physiological M 2+ concentrations. Unconventional kinetics in nucleic acid folding frequently encountered in single-molecule experiments are therefore likely to originate from a spectrum of conformations that differ in the occupation of M 2+ binding sites.
RNA folding | metal ions | heterogeneity | smFRET | NMR R NA folding is a hierarchical process that depends on the sequential formation of secondary and tertiary structures. As the RNA phosphate-sugar backbone is negatively charged, structural compaction creates electrostatic repulsion, which must be overcome by positive charges. The majority of negative charges are nonspecifically screened by the ion atmosphere, typically a set of dynamically exchanging M + ions (1) . An estimated 10-20% of negative charge is, however, compensated by M n+ that bind site-specifically to the RNA molecule, in particular, Mg 2+ (2) . One RNA molecule that is known to harbor several specific M 2+ binding sites is the self-splicing group II intron Sc.ai5γ from the yeast mitochondrial cox1 (cytochrome oxidase 1) gene (3) . It is one of the largest known RNA enzymes, and both its folding pathway and catalysis are strictly dependent on Mg 2+ . In turn, the splicing reaction is inhibited by small amounts of Ca 2+ (4) . Site specificity of the two sequential transesterfication reactions is ensured by proper base pairing between distal exon-binding sites (5′ cleavage, EBS1 and 2; 3′ cleavage, EBS3) and intron-binding sites (IBS1, 2, and 3) (5).
Single-molecule Förster resonance energy transfer (smFRET), i.e., distance-dependent energy transfer between a single pair of fluorophores, is ideally suited to study the cation-dependent conformational dynamics of single RNA molecules (6, 7) . If different conformations lead to distinctly different transfer efficiencies, smFRET unveils the entire folding pathway, reports on the relative occurrence of all conformations present in the ensemble, and provides detailed information on the rates at which they interconvert (7). This is important because simple two-state folding is rarely observed in experimental data (8, 9) . Rather, the vast conformational space sampled by biomolecules often results not only in folding intermediates but also in kinetic traps and/or multiple native states. In an smFRET experiment, individual molecules consequently display different behaviors that may or may not persist over the observation period (10) . Heterogeneity has been precedented for a number of RNA molecules, including group I introns (11, 12) , the hairpin ribozyme (13) (14) (15) (16) (17) , and RNase P RNA (18) . In addition, heterogeneity has been reported for different DNA and protein systems (19) (20) (21) (22) (23) (24) . However, the molecular basis of the phenomenon is often enigmatic, and its quantitative characterization is challenging (21) .
Here we use the 5′-exon-intron recognition site of the Sc.ai5γ ribozyme to study Mg 2+ -and Ca 2+ -mediated RNA-RNA structure formation by smFRET. Additionally, NMR is applied to characterize site-specific M 2+ binding. In the d3′EBS1*/IBS1* sequence pair used herein, two AUs are replaced by GCs for proper duplex formation, a modification that does not affect the first transesterification step (25, 26) . For FRET experiments, the 5′-ends of the d3′EBS1* hairpin and the seven-nucleotide-long IBS1* are labeled with Cy3 and Cy5, respectively (Fig.  1A) . d3′EBS1* further carries a biotin at its 3′-end for surface immobilization.
Results
Divalent Metal Ions Enhance d3′EBS1*/IBS1* Affinity. The interaction of d3′EBS1* and IBS1* is strictly dependent on M
2+
Significance RNAs are involved in numerous aspects of cellular metabolism, and correct folding is crucial for their functionality. Folding of single RNA molecules can be followed by single-molecule spectroscopy. Surprisingly, it has been found that chemically identical RNA molecules do often not behave identically. The molecular origin of this heterogeneity is difficult to rationalize and the subject of ongoing debate. By combining single-molecule spectroscopy with NMR, we show that heterogeneity is likely to stem from a subset of microscopically different RNA structures that differ with regard to the occupation of divalent metal ion binding sites.
concentration (25) . Native PAGE with the Cy3-d3′EBS1*/Cy5-IBS1* system shows that (i) the attached fluorophores do not hamper strand association and (ii) M 2+ further promotes their interaction (SI Appendix, Fig. S1 ). For an in-depth characterization, Cy3-d3′EBS1*/Cy5-IBS1* docking/undocking dynamics were monitored over several minutes, varying either the M 2+ or the IBS1* concentration. FRET time traces reveal two well-separated FRET states centered around zero (undocked d3′EBS1*) and ∼0.7 (docked d3′EBS1*/IBS1*) (Fig. 1) . Control experiments confirmed 1:1 binding stoichiometry and the negligible influence of bleaching and long-lived dark states under the imaging conditions assessed herein (SI Appendix, Figs. S2 and S3). Also, tethering fluorophores to RNA and the presence of M 2+ does not significantly influence their fluorescence spectra, quantum yields, and rotational freedom (SI Appendix, Fig. S4 ). Trajectories were classified as dynamic (type I and II) or static (type IIIa and IIIb) depending on whether interconversion events between these states were present or absent during the observation time of 400 s. Static undocked molecules (type IIIa) were excluded from normalized cumulated FRET histograms (SI Appendix, Figs. S5 and S6).
At 100 mM K + , the docked state is populated on average during 6% of the observation time, and >60% of all molecules remain statically undocked ( Fig. 2A and SI Appendix, Fig. S7 ). Addition of 100 μM EDTA decreases the docked fraction to <1% and increases the fraction of static undocked molecules to 97.5% (Fig. 2B) Fig. S6 ).
These data clearly show that 100 mM K + alone do not suffice for d3′EBS1*/IBS1* recognition and that interstrand association can be completely abrogated by EDTA-mediated removal of residual M 2+ in purissimum grade KCl (Fig. 2) . In turn, increasingly stable interaction and a strong decrease of the fraction of type IIIa molecules are observed at 1 mM ≤ c(M
Whether type IIIa molecules have a much lower K A or correspond to a photophysical artifact was not assessed, but the fact that the fraction of donor-only molecules never falls below ∼20% suggests that these molecules are inactive. This value is consistent with previous reports (27) . Prebleached Cy5 may also explain the discrepancies between smFRET and UV melting experiments performed at c(M
) ≥ 25 mM (note that the fraction of type IIIa molecules never reaches 0; SI Appendix, Fig.  S7 ). Additionally, increasing background noise and uncorrelated docking events in the IBS1* channel were observed at increasing ionic strength, suggesting a local increase of c(IBS1*) in proximity of negatively charged surface. It is likely that this local crowding effect led to further differences between surfaceimmobilized and freely diffusing molecules, i.e., different ΔG°v alues. The results of the thermodynamic analysis are summarized in SI Appendix.
Divalent Metal Ions Render d3′EBS1*/IBS1* Interaction Kinetics
Multiexponential. To gain insights into the kinetics of docking and undocking, we analyzed the distribution of dwell times extracted from type I trajectories (Fig. 1B) . The histogram of dwell times in the undocked state recorded in the absence of M 2+ , i.e., the ensemble-averaged docking process, is satisfactorily described by a monoexponential decay ( Fig. 3 and Eq. 9; m max = 1; all equations refer to SI Appendix). The fit yields a decay constant of τ zero = 73.0 s (k dock = 0.55 μM -1 ·s
; Eq. 10). In contrast, the cumulative probabilities of dwell times in the docked state can only be fitted to a multiexponential decay ( Fig. 3 and Eq. 9; m max = 2). The resulting decay constants τ high,1 = 2.9 s (68%) and τ high,2 = 7.6 s (32%) are rather small and reflect the fast decay of the docked state in the absence of M 2+ . As impurities in the K + salt used for imaging buffer preparation significantly affect the interaction of the two strands (vide supra), we performed further experiments at 1,000 mM K + and 100 μM EDTA (docked fraction = 30%; SI Appendix, , k undock = 0.061 s −1 ). Singleexponential decay functions describe the experimental data with negligible discrepancies (Fig. 3) , suggesting that heterogeneity observed in the absence of EDTA stems for the most part from multivalent impurities. As a control, high-resolution electrospray ionization mass spectrometry experiments were performed, indicating that kinetic heterogeneity is not a result of chemical modification but encoded in the RNA fold (SI Appendix, Fig. S8 ) (17) .
In the presence of 100 mM K + and 1 mM Mg 2+ , histograms of dwell times both in the docked and in the undocked state require biexponential fits to be described in a satisfactory fashion (Fig. 3 (Fig. 3 and SI Appendix, Fig. S9 and Eq. 9; m max = 3). Furthermore, the rate associated with docking is increased, whereas undocking is slowed down further. Additional increase of c(Mg
2+
) renders the distribution of dwell times in the undocked state monoexponential and leads to a higher docking rate ( Fig. 3 ; k dock = 2.72 s
). In turn, the multiexponentiality of dwell time distributions in the docked state persists, and the averaged undocking rate decreases, suggesting a destabilization of the docked state (Fig. 3) . Little heterogeneity is observed for dwell time histograms recorded at 10 mM K + and 25 mM Mg 2+ (Fig. 3) . In summary, d3′EBS1*/IBS1* interaction occurs on a single timescale for both the docking and the undocking reaction in the absence of M 2+ . In turn, multiple timescales are observed at physiological amounts of M 2+ . At higher M 2+ concentration, the docking reaction occurs on a single timescale, whereas the undocking reaction persistently occurs on multiple timescales. Similar results were obtained for measurements performed in the presence of 1-100 mM Ca
. The findings of the dwell time analysis are summarized in SI Appendix.
Statistical Description of Intermolecular Heterogeneity. It has been reported earlier that ensemble-averaged dwell time distributions that can be fitted to (roughly) monoexponential decay functions may in some cases erroneously suggest the presence of only two macrostates because they do not take into account moleculeto-molecule variations (21) . It is therefore important to compare the behavior of individual molecules. At physiological Mg 2+ concentrations, we observe time traces with subsecond excursions to the docked and the undocked state (Fig. 1B, Top) , molecules that dwell for several seconds or even minutes in either state (Fig. 1B, Middle) , and a mix between these two extreme behaviors (Fig. 1B, Bottom) . This suggests the presence of kinetic subspecies that may display intermittent conversion on the timescale of the experiment (21, 23) . Attempts to correlate thermodynamic and kinetic heterogeneity failed, i.e., intermolecular variations in the high FRET value, the docking/undocking rates, and the averaged logK A (Fig. 1B and SI Appendix, S10) .
The scatter plot shown in Fig. 4A illustrates combinations of docking and undocking rates at 100 mM K + and 8 mM Mg 2+ (21) . Bin-free representation of K A,n distributions as semilogarithmic cumulative probability functions P(logK A,n ) reveals broad sigmoids covering several orders of magnitude (Fig. 4B) .
As discussed in SI Appendix, logK A,n values follow a beta type distribution, whose width is directly related to the number of dwell times per trace. A numerical approximation of similar distributions has recently been described (12), although analytical solutions have been reported in other fields and can be used to faithfully describe logK A,n histograms (Eqs . 13 and 14) . Fitting the integral of Eq. 14b to P(logK A,n ) distributions is also possible but in practice rather cumbersome. We therefore extended a logistic-type function previously applied in NMR titrations to describe an equilibrium of the type A + B ⇌ AB (Eq. 16a) by a shape parameter p, which accounts for the number of dwell times per time trace and is determined numerically (Eq. 15d) (29, 30) . Linear combination of s max components yields (Eq. 17b) Table S3 and Fig. S15 ). Hence, the dispersion of logK A,n values is in the range that is expected for an ergodic system measured for a finite time. In turn, addition of Mg 2+ leads to considerable discrepancies between one-component fits and experimental P(logK A,n ) distributions that cannot be due to finite observation times. Although P(logK A, n ) distributions recorded at 10 mM K + and 25 mM Mg 2+ are well approximated using a two-component fit (s max = 2; dotted line in Fig. 4B) , data recorded at 100 mM K + and 8/100 mM Mg 2+ require three-component fits (s max = 3; dashed lines in Fig. 4B ). These results suggest that ergodicity is effectively broken under these conditions (Fig. 4B) (21, 31) . As a control, heterogeneity of d3′EBS1*/IBS1* interaction in the presence of M 2+ was confirmed by titrating IBS1* to d3′EBS1* at 8 mM Mg 2+ : Again, the fractions docked are more adequately represented when three logK A values (Eq. 17b) are taken into account (SI Appendix, Fig. S11 ). Please note that the logK A of type IIIb molecules was approximated by a value of 10.
In summary, this section provides the statistical groundwork to analytically describe K A,n distributions from single-molecule experiments as well as a convenient approximation (Eq. 17b). Hence, we demonstrate that limited observation time is the prime culprit for molecule-to-molecule variations observed in the absence of M
. Finite observation time cannot, on the other hand, entirely account for heterogeneity observed in the presence of M 2+ . The fit results are summarized in SI Appendix.
Metal Ion Binding Sites in d3′EBS1* and d3′EBS1*/IBS1*. To rationalize the observed heterogeneity, we examined the NMR solution structures of d3′EBS1* and d3′EBS1*/IBS1*, each of which contains several Mg 2+ binding sites that have been identified by chemical shift perturbation assays (26) . In the absence of IBS1*, the EBS1* loop is at least partly unstructured and flexible (Fig. 1C) . The Mg 2+ binding site located in the major groove of the d3′ stem near the G4-C26 base pair remains unaffected by the absence or presence of IBS1*. A second binding site is present at the transition between the stem and the loop (A10, A20, and U9-G21 wobble pair). Upon IBS1* docking, EBS1* undergoes a substantial structural rearrangement to form a rigid structure (Fig. 1D) , thereby also altering M 2+ binding. The binding site at the loop-stem transition is slightly shifted from the G-U wobble toward the 5′-end of IBS1*, and an additional binding site forms between EBS1* and IBS1* near the first two nucleotides of EBS1*, G13 and G14. We determined the stability constants of Mg 2+ binding to each site in d3′EBS1* and d3′EBS1*/IBS1* from chemical shift perturbations to be in the low millimolar range (2.63 ≤ logK A ≤ 3.06; Fig. 1 C and D) . We find that each site can be occupied by both species (SI Appendix, Figs. S12 and S13) but that the two loop binding sites show preference for a specific type of coordination.
[Co(NH 3 ) 6 ] 3+ interacts very strongly with the closing G-U wobble in the d3′EBS1* stem, but the interaction is less pronounced in the presence of IBS1*, indicating that the M 2+ ion docked here must be partially dehydrated for binding when EBS1*/IBS1* is formed. In the EBS1*/IBS1* duplex, both [Co(NH 3 . The kinked structure of the loop (Fig. 1E ) may further restrict the accessibility of the phosphate moieties in the EBS1*/IBS1* major groove and of the 5′-end EBS1* nucleotides, which may be regarded as the strongest M 2+ binding site (2). In conclusion, two M 2+ are directly involved in EBS1*/IBS1* binding, and
Estimation of Mg 2+ Exchange Rates. Ligand exchange in earth alkaline metal aquo complexes occurs at very high rates (10 6 Hz ≤ k ex ≤ 10 9 Hz) (34) . On the other end of the spectrum, M 2+ that are site-specifically bound to RNA are believed to exchange on a timescale of milliseconds because they are (partially) dehydrated and/or the cation makes two or more direct contacts to the RNA (chelation) (2, 35) . As discussed in the previous section, the Mg 2+ ions in proximity to the EBS1*/IBS1* also make multiple contacts. Because direct quantification of Mg 2+ exchange rates in RNA by 25 Mg NMR is challenging (36, 37), we indirectly estimated them by smFRET Mg 2+ pulse experiments. Here the imaging buffer was depleted of Mg 2+ at t = 400 s using EDTA, followed by Mg 2+ replenishment at t = 600 s (t tot = 1,000 s). EDTA functions as a mild denaturing agent that disrupts RNA tertiary structure by coordinating free Mg 2+ ions, whereas secondary structure is left intact (Fig. 2B) (12) . Although some time traces revealed instant IBS1* undocking in response to Mg 2+ removal, a large fraction of d3′EBS1*/IBS1* complexes remained stably docked for many seconds (Fig. 5A) . In a similar manner, IBS1* docking upon Mg 2+ readdition often occurred with a delay of several seconds. To estimate the time required to reach the equilibrium, a 2D surface contour plot was built from ∼200 single-molecule time traces (Fig. 5B) . Thresholding at FRET = 0.4 shows that the undocked fraction reaches steady-state upon removal of Mg 2+ after ∼200 s (τ ∼ 40 s; Fig. 5C ). In turn, equilibration upon readdition of Mg 2+ requires ∼50 s (τ > 15 s). Reequilibration is followed by a steady increase of the undocked fraction, a phenomenon mostly likely due to gradual Cy5 photobleaching (SI Appendix, Fig. S3 ). As a consequence, equilibration is consistently slower than the relevant steady-state reactions, i.e., IBS1* undocking in the absence of Mg 2+ (τ < 0.1 s) and IBS1* docking at 8 mM Mg 2+ (dominant τ = 13.8 s; Fig. 3 ). Recent reports have shown the need to move beyond a static view of biomolecules toward a dynamic description in terms of conformational ensembles (38) . In the context of this study, one would expect the RNAs to almost instantaneously undergo a conformational change to relieve the unfavorable electrostatic repulsion created by the removal of a site-specifically bound Mg 2+ by EDTA. Assuming this behavior, the findings described above could not be explained if Mg 2+ exchange occurred on a millisecond timescale. Rather, Mg 2+ exchange is shifted to a time regime resolvable in the smFRET experiment (10 −2 to 10 2 Hz), Table S3 ). For each imaging condition, the intrinsic width of the logK A,n distribution was accounted for by N: = [Σ (i max,n + j max,n )]/2n (SI Appendix, Fig. S15 ).
as the effect of Mg 2+ association and dissociation is indirectly evidenced by decreased IBS* docking/undocking rates.
Discussion
This study combines smFRET and NMR to address the influence of Mg 2+ and Ca 2+ on the structural dynamics of the d3′ EBS1*/IBS1* sequence pair derived from the group II intron Sc.ai5γ. The occurrence of the docked state is found to be strongly M 2+ -dependent, confirming earlier reports (25) . d3′EBS1*/ IBS1* interaction dynamics occur on a single timescale in the absence of M 2+ , whereas multiple timescales and nonergodic behavior are observed at 1-8 mM M
2+
. Broken ergodicity is persistent at higher M 2+ concentrations, although IBS1* docking occurs on a single timescale. NMR experiments show that two specific M 2+ binding sites are located in proximity to the d3′ EBS1*/IBS1* duplex, probably resulting in multidentate binding and (partial) dehydration of the M 2+ ions. Mg 2+ pulse experiments further indicate that the exchange rates of these M 2+ is likely to fall into the typical time resolution of an smFRET experiment. Hence, this study not only addresses the M 2+ -dependence of kinetic heterogeneity in RNA tertiary structure formation, it also provides a rigorous characterization of specific M 2+ binding to the RNA.
The simplest conceivable free energy landscape model is a two-state reaction over a single transition state barrier. Here the probability distribution of the dwell times is monoexponential, and the rate of decay is determined by the height of the energy barrier (39). The energy barrier associated with d3′EBS1*/IBS1* docking and undocking in the absence of M 2+ depends to a large extent on how effectively the ion atmosphere screens the electrostatic potential building up when the two RNAs are close in space (1) . In contrast, multiexponential kinetics and broken ergodicity in the presence of low millimolar amounts of M 2+ suggests a rugged energy landscape with more than one thermodynamically stable d3′EBS1* and d3′EBS1*/ IBS1* conformation (40) . Heterogeneity is most pronounced when site-specific M 2+ binding pockets are on average half occupied, i.e., M 2+ concentrations between 1 mM and 8 mM (Figs. 3 and 4) . Hence, we propose that the phenomenon is largely due to differences in M 2+ binding (Fig. 6 ). All substructures display distinct docking/undocking kinetics and may interconvert at the cation exchange rates α m and β n (m,n = −4,. . .−1,1,...,4) , which are likely to fall into a time regime resolvable by the CCD camera. In agreement with this model, IBS1* docking becomes monoexponential at 100 mM M
. On the other hand, the heterogeneity associated with IBS1* undocking and nonergodic behavior is persistent under these conditions, seemingly contradicting this working model. One possible explanation is the fact that high ionic strength is known to reduce the affinity of Mg 2+ toward specific binding sites; that is, the latter could, in fact, not be saturated at 100 mM M 2+ (1) . However, nonspecific interaction of IBS1* with the surface as well as discrepancies between surface-immobilized (smFRET) and freely diffusing molecules (UV) under these conditions suggests that persistent heterogeneity is most likely caused by M . It should be noted, however, that Cy3/Cy5 coblinking events and limited observation time preclude rigorous kinetic analysis (SI Appendix, Fig. S16 ) (41) . In conclusion, our data suggest that the M 2+ -induced kinetic heterogeneity associated with d3′EBS1*/IBS1* docking and undocking is due to 2 n structural permutations resulting from n incompletely occupied M 2+ binding pockets.
Conclusion
Even though heterogeneity is frequently observed in singlemolecule studies addressing nucleic acid folding, discord persists with regard to the origin of the phenomenon (11-18). Lee et al. (42) have proposed a model that explains multiexponential kinetics in the dissociation of an artificial triplex DNA by the coexistence of metastable states that interconvert when ssDNA slides along the major groove of dsDNA. A correlation between heterogeneity and the availability of M n+ has been reported for several native nucleic acids, including RNase P RNA and the human telomeric G-quadruplex (18, 22) . It has been speculated (but never been proven) that kinetic heterogeneity associated with G-quadruplex conformational dynamics stems from incomplete occupation of M n+ binding sites, leading to a pronounced There was a delay of ∼10 s between buffer exchange and the subsequent data acquisition, which was omitted for clarity. τ values correspond to the averaged decay constants obtained by exponential fits. 
